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Abstract
Background: Vestibular rehabilitation (VR) is a well-accepted exercise program intended to remedy
balance impairment caused by damage to the peripheral vestibular system. Alternative therapies, such as
Tai Chi (TC), have recently gained popularity as a treatment for balance impairment. Although VR and TC
can benefit people with vestibulopathy, the degree to which gait improvements may be related to
neuromuscular adaptations of the lower extremities for the two different therapies are unknown.
Methods: We examined the relationship between lower extremity neuromuscular function and trunk
control in 36 older adults with vestibulopathy, randomized to 10 weeks of either VR or TC exercise. Time-
distance measures (gait speed, step length, stance duration and step width), lower extremity sagittal plane
mechanical energy expenditures (MEE), and trunk sagittal and frontal plane kinematics (peak and range of
linear and angular velocity), were measured.
Results: Although gait time-distance measures were improved in both groups following treatment, no
significant between-groups differences were observed for the MEE and trunk kinematic measures.
Significant within groups changes, however, were observed. The TC group significantly increased ankle
MEE contribution and decreased hip MEE contribution to total leg MEE, while no significant changes were
found within the VR group. The TC group exhibited a positive relationship between change in leg MEE and
change in trunk velocity peak and range, while the VR group exhibited a negative relationship.
Conclusion: Gait function improved in both groups consistent with expectations of the interventions.
Differences in each group's response to therapy appear to suggest that improved gait function may be due
to different neuromuscular adaptations resulting from the different interventions. The TC group's
improvements were associated with reorganized lower extremity neuromuscular patterns, which appear
to promote a faster gait and reduced excessive hip compensation. The VR group's improvements,
however, were not the result of lower extremity neuromuscular pattern changes. Lower-extremity MEE
increases corresponded to attenuated forward trunk linear and angular movement in the VR group,
suggesting better control of upper body motion to minimize loss of balance. These data support a growing
body of evidence that Tai Chi may be a valuable complementary treatment for vestibular disorders.
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Background
Vestibulopathy decreases whole body dynamic postural
control and causes functional limitations [1-4]. Limita-
tions in ambulation, dynamic balance and trunk control,
for example, can lead to disability and contribute to
decreased quality of life [5]. Vestibular rehabilitation (VR)
is a well-accepted exercise program intended to remedy
balance impairment caused by damage to the peripheral
vestibular system [6]. Vestibulopathy impairs both the
vestibulo-ocular reflex (VOR) and the vestibulo-spinal
reflexes (VSR) [7]; hence, VR is designed to adapt the CNS
to diminished vestibular input and to compensate for
VOR and VSR loss, via gaze and balance retraining, which
in turn should improve whole body dynamic stability [8-
10].
Alternative therapies, such as Tai Chi (TC), have recently
gained popularity as a treatment paradigm for a variety of
human ailments, including balance impairment [11-13].
TC employs detailed regimens of physical movement,
breathing techniques, and cognitive tools to strengthen
the body, relax the mind, and balance the flow of life force
[14]. The purported improvements in overall body con-
trol and mind-body focus with TC may offer an improved
approach to treating balance dysfunction [11,13,15-17].
Where the explicit objective of many VR exercises is to
improve gaze stability, TC emphasizes a 'soft' unfocussed
gaze during the prescribed balance exercises. Although
there is strong evidence that VR [4,8-10,18], and more
recently TC [11,13,15-17], can benefit people with vestib-
ulopathy, the degree to which gait improvements may be
related to neuromuscular adaptations of the lower extrem-
ities are unknown. Thus, although the end result of both
TC and VR should be improved dynamic stability during
locomotor activities of daily living, including gait, we
hypothesized that the mechanisms  underlying such
improvements should differ substantially. A better under-
standing of how balance dysfunction interventions affect
lower extremity neuromuscular function during ADL may
be useful for developing gait training exercises, and for
providing a fuller understanding of the link between
motor function and balance.
In this report, we present preliminary data from a blinded
randomized clinical trial comparing the effects of VR and
TC on gait function, joint kinetics and trunk kinematics in
older adults. While the overall aim of this study was to
determine the effects of balance rehabilitation on gait
characteristics, we directed our efforts in this paper to bet-
ter understand the relationship between mechanical
energy transfers along the lower extremity kinematic
chain (ankle-knee-hip), and forward and side-to-side
velocity of the trunk.
Our general hypothesis was that adults with balance
impairment from vestibulopathy who receive the VR or
TC intervention will improve gait function as indicated by
time-distance measures. Our specific hypotheses are
based on the following rationale: Recent studies in
healthy older adults [19-21], with general impairments
such as strength loss [22], or pathologies such as knee
arthritis [23,24], show that the hip musculature often
aids, or compensates for, ankle plantar-flexor muscles in
providing both forward propulsion and trunk stability
[25]. These prior studies have shown a consistent decline
in plantar-flexor muscle power during gait, with an
increase in hip muscle power, in older adults with, and
without, known mobility impairments. As shown recently
by Neptune and colleagues [26], the ankle plantar flexors
contribute significantly to both forward propulsion and
vertical trunk stability. Thus, one would expect that
improvements in lower extremity motor control, aimed at
increasing forward propulsion and trunk stabilization,
would be represented by decreases in hip mechanical
energy expenditures and increases in ankle (and perhaps
knee) mechanical energy expenditures, and be directly
related to improved kinematics of the trunk.
Based on the above rationale, and the specific treatment
programs described in the following sections, we hypoth-
esized: 1) TC treatment will improve lower extremity
motor control by increasing ankle mechanical energy
expenditure (MEE) contribution, and decreasing hip MEE
contributions, to total energy of the leg, more than VR;
and 2) that improved trunk control following TC will be
positively correlated with improvements in lower extrem-
ity motor control, while improvements in trunk control
following VR will not be correlated with improvements in
lower extremity motor control. The latter may indirectly
implicate other mechanisms, most likely improvements
in VOR/gaze stability [27].
Methods
Subjects
Fifty-three patients with balance impairment due to ves-
tibular hypofunction were recruited and randomized into
two treatment groups: VR, a group vestibular rehabilita-
tion intervention, and TC, a group Tai Chi exercise. Of the
53 patients admitted, 15 dropped out or were excluded
prior to completing the intervention. The majority of drop
outs were due to a new medical condition unrelated to the
study preventing participation (e.g. fractured foot, acute
back pain) or due to the sudden need to care for an ill fam-
ily member. Two subjects were eliminated because of lack
of force plate data to use in the data analysis (see Gait
Analysis section for more detail). Of the 36 subjects
remaining for analysis, 17 subjects were randomized into
the VR treatment group (12 unilateral and 5 bilateral) and
19 subjects in the TC group (11 unilateral, 8 bilateral).BMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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Unilateral or bilateral vestibular hypofunction (UVH or
BVH) diagnoses were obtained as previously described
[10]. Briefly, all patients had gait unsteadiness without
evidence of central nervous dysfunction. All patients were
referred to the study because they had locomotor instabil-
ity for which they sought treatment from project physi-
cians. Patients with bilateral vestibular hypofunction had
bilaterally decreased caloric responses (total slow phase
velocity of ≤10 degrees·sec-1 for the sum of right and left
ear caloric stimulation at 27 and 44°C warm water stimu-
lation of both ears and ≤8°·sec-1 slow phase velocity for
the sum of 35 cc of ice water stimulation in each ear) and
decreased VOR gains during passive rotational testing at
up to 50°·sec-1 (at least 2.5 SD below normal mean val-
ues at frequencies of rotational testing from .01 to 0.5
Hz). Patients with unilateral vestibular hypofunction had
damage only on one side, including at least 30% unilater-
ally reduced caloric response, positional nystagmus while
lying with the damaged ear down, and/or confirmatory
abnormalities on rotational testing (mildly decreased low
frequency gains, increased phase leads and asymmetrical
rotation induced nystagmus, i.e., decreased vestibular
time constant). Patients with bilateral deficits are typically
more disabled than are those with unilateral deficits. The
average time post-onset of vestibulopathy for the 36 sub-
jects included in the analysis was 3.05 years (range 0.58 –
12 years). All subjects were community dwelling and
reported varying degrees of limitations in locomotor
activity. Twenty of the 36 subjects were female, and the 36
subjects were 59.5 ± 11.5 years old (range, 41–81), 1.70 ±
.11 m tall and 83.6 ± 16.5 kg in weight (breakdown by
treatment group is shown in the Results section). All sub-
jects had at least one course of VR since the time of onset
of their vestibular symptoms. Inclusion criteria required
that each subject did not have VR for >6 months from
study enrollment. The testing protocol was approved by
MGH institutional review board, and all subjects provided
written informed consent according to institutional
guidelines on human research.
Interventions
The VR and TC treatment interventions were provided in
a total of six (3 VR and 3 TC groups) small groups with an
average of 8 subjects per group. Each intervention pro-
gram met once weekly, on separate weekdays, for 10
weeks in the same exercise room. The weekly sessions for
both intervention groups lasted approximately 70 min-
utes. Each treatment program was lead by the same
instructor for the three treatment cohorts. The instructors
were blinded to the exercises provided to the other treat-
ment program. One or two assistants were available for
each session for all treatment groups to insure partici-
pants' safety. All treatment sessions included time to: 1)
review material introduced in prior sessions; 2) introduce
new material; 3) ask questions and share personal experi-
ences or concerns regarding the practices; and 4) cool
down and rest.
Tai Chi intervention
The TC intervention incorporated three objectives out-
lined in a balance-related TC program developed by Wolf
and colleagues [12,17]. First, it emphasized movements
that are easily comprehensible. Second, the sequence of
exercises introduced reflected a progression that increas-
ingly challenges postural stability, with a shift in weight
bearing from bilateral to unilateral support. Third, the
program emphasized increasing the magnitude of trunk
and arm rotation while diminishing the base of support.
The five specific TC movements employed in this study –
'raising the power', 'withdraw and push', 'wave hand like
clouds', 'brush knee twist step', and 'separate right and left
legs' – are described and illustrated in a training manual
for the Cheng Man-Ch'ing's Yang-style short form [28]. In
addition to these five formal TC movements, the interven-
tion also included a short set of traditional TC warm-up
exercises focused on loosening up the physical body and
incorporating mindfulness and imagery into movement.
Warm-up exercises included: gentle stretches sequentially
targeting the shoulders, necks, arms and legs; a torso
stretching exercise that coordinated weight shifts with
rotations of the trunk and passive arm swinging; and a 5
minute seated meditation emphasizing relaxed diaphrag-
matic breathing. Approximately 20 minutes of each class
was devoted to warm-up exercises, of which 10–12 min-
utes was spent in standing. Following an additional 40
minutes of formal TC practice, 10 minutes was allowed
for group discussion.
Vestibular rehabilitation intervention
The VR intervention used in this study was a comprehen-
sive exercise program designed to improve the problems
specifically associated with damage to the peripheral ves-
tibular system [4,6,10,29]. Each treatment session focused
on the three main objectives of the VR intervention.
Firstly, a series of eye-head coordination exercises were
performed to promote gaze stability during both quiet
standing and dynamic functional activities (such as com-
bining movement of an image across the retina with head
movement). Subjects progressed to performing these eye-
head exercises with the target on a more complex back-
ground (to simulate real world activities), at increasingly
faster speeds of head movements (eg, 2–3 Hz), and during
more dynamic standing and locomotor activities. A sec-
ond treatment objective included VOR training in a group
format with subjects standing. Target foveation objects
(words of various sizes) were fixed to a large checkerboard
background covering one wall of the exercise room, ena-
bling us to provide the appropriate visual stimuli. Patients
were progressed by increasing the speed (frequency and
amplitude) of head movement to train the VOR moreBMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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appropriately at speeds consistent with everyday locomo-
tor activities. The third main component of the VR pro-
gram was upright balance retraining exercises that
enhance the use of various sensory cues for gaining pos-
ture control [8,29,30]. Examples of these exercises include
subjects maintaining their balance while decreasing their
base of support (such as standing on one foot, marching
or walking heel to toe) and while walking on various floor
surfaces (such as the pliable surfaces of a foam mat). Sub-
jects were further challenged by incorporating head and
trunk movements or with eyes closed during standing and
walking exercises. All exercises were performed in an
upright position (either standing or during locomotion)
based on individual tolerance. If required, a seat was pro-
vided and the exercise performed in a seated position
until the subject was able to tolerate the activity in stand-
ing. Each group treatment session lasted 60 minutes
allowing 20 minutes for each of the 3 main exercise com-
ponents. There was an additional 10 minutes for ques-
tions and answer time and for assistance with individual
progression of home exercise programs.
Gait analysis
Subjects performed two-to-four gait trials along a 10 m
level walkway at baseline testing, and at testing following
the intervention program, at their freely selected pace
upon the command "Please walk as you normally would,
as if taking a brisk walk in the park". Body segment kine-
matics were acquired at 150 Hz with a four-camera Sels-
pot optoelectric tracking system (Selective Electronics,
Partille, Sweden), used to acquire position and orienta-
tion data of 11 segments (both feet, shanks, thighs and
arms, and the pelvis, trunk and head). Collection of kine-
matic data and processing is described in more detail else-
where [31]. Kinetic data consisted of ground reaction
forces acquired from two adjacent piezoelectric force plat-
forms (Kistler Instruments, Winterthur, Switzerland), syn-
chronously sampled with body segment kinematic data at
150 Hz. Subjects were required to have at least one good
gait trial, both at baseline and post-intervention testing
sessions, to be included in the data analysis. A "good gait
trial" was one that satisfied the following criteria: 1) one
foot was required to be in whole contact with only one or
both force platforms without interference from the other
foot, 2) all body segments were visible, and tracked with-
out artifact, during the stance portion of gait. Two subjects
were excluded on the basis of failing one or both of the
above criteria.
Data analysis
Parameters selected for data analysis consisted of dynamic
gait function (time-distance measures), lower extremity
neuromuscular control (sagittal plane mechanical energy
expenditures, MEE), and trunk stability (sagittal and fron-
tal plane kinematics).
Dynamic gait function
Gait function was assessed with standard time-distance
measures [4,32], including: gait speed, step length, step
width and stance duration. Gait speed was measured as
the average anterior-posterior velocity component of the
whole-body center of gravity over stance phase of gait.
Step length was measured as the anterior-posterior dis-
tance between right and left ankle centers when each foot
was flat on the floor during its respective mid stance por-
tion. Stance duration was measured as the time elapsed
between heel strike and toe off (duration of stance phase),
and step width was measured as the lateral distance
between ankle centers at the foot positions used for step
length calculation.
Lower extremity neuromuscular function
Neuromuscular function of the lower extremities was
assessed using mechanical energy expenditure (MEE) of
the ankle, knee and hip, relative to the total MEE of the
leg, and were computed as described previously [23,33].
Briefly, the mechanical power profile of the joint, the sca-
lar product of net joint moment and angular velocity, is
integrated over specific time intervals to arrive at mechan-
ical energy expended, MEE, or work done. The intervals
are defined by periods of concentric transfer (MEE(+), the
amount of concentric mechanical energy expended with
segment-to-segment energy transfer), eccentric transfer
(MEE(-), the amount of eccentric mechanical energy
expended with segment-to-segment energy transfer), and
no-transfer (MEE(o), the amount of concentric and eccen-
tric energy expended without segment-to-segment energy
transfer) conditions. The total joint MEE is simply the
sum of these components (MEE(t) = MEE(+) + MEE(-) +
MEE(o)). Leg MEE is the sum of joint MEE (ankle, knee
and hip) for different conditions, or totals. Percentage
contribution of joint MEE (for each condition and total)
to leg MEE (for each condition and total) was then
calculated.
Trunk stability
Trunk stability was assessed using kinematics of the trunk
center of mass [34], and consisted of anterior-posterior
trunk velocity (peak and range) as well as lateral trunk
velocity (peak and range); sagittal plane angular (pitch)
velocity of the trunk (peak and range) and frontal plane
angular (roll) velocity of the trunk (peak and range). The
rationale for using kinematic measures of trunk stability,
instead of overall stability (such as whole-body CG sway
or kinematics), however, was to enable us to examine the
relationship between lower extremity neuromuscular
function (using the mechanical energy analysis as such a
measure) and the kinematics of the upper body, as a massBMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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to be controlled apart from the legs. Peaks and ranges
were taken from stance phase of the same leg used for the
mechanical energy analysis described above.
Statistical analysis
One-way ANCOVA was used to compare change scores
between the two groups, using the baseline values as cov-
ariates. Paired samples t-tests compared the change in
each variable for each group from baseline to post-inter-
vention testing. Pearson correlations were used to exam-
ine associations between change scores in lower extremity
MEE and change scores in trunk velocities, for each treat-
ment group. Due to the large number of comparisons in
this exploratory study, a Ryan-Holm step down Bonfer-
onni approach was used to control for type I errors [35],
using a family-wise α = .05. Using this scheme, families of
three members (MEE(+), MEE(-) and MEE(o) contributions)
required significance at α = .017 for at least one compari-
son, α = .025 for the second comparison, and α = .050 for
the third comparison. Families of four members (anterior-
posterior peak and range, and lateral peak and range of
trunk velocity) required significance at α = .013 for at least
one comparison, α = .017 for the second comparison, and
so on. All p-values given will be unadjusted, but the
adjusted α is given for each comparison where appropri-
ate. SPSS for Windows (v10, SPSS Inc. Chicago, IL) was
used for all statistical analyses.
Results
The two groups were not different in age (VR: 56.9 ± 11.6
yrs; TC: 61.7 ± 11.3 yrs; p = .223), height (VR: 1.69 ± .11
m; TC: 1.71 ± .11 m; p = .712) or weight (VR: 81.1 ± 19.3
kg; TC: 85.8 ± 13.6 kg; p = .399). There was no significant
difference in proportion of UVH and BVH in the treat-
ment groups (Chi-square, p = .429), or proportion of men
and women in the treatment groups (Chi-square, p  =
.709).
There were no significant between-groups differences
(using ANCOVA for controlling for baseline differences)
for any of the variables examined. There were, however,
significant changes pre- and post-treatment within each
group. These latter results appear to suggest that clinically
important differences in each group's response to the ther-
apies exist. Thus, the remainder of the results presented
will focus on the within-groups comparisons.
Time distance measures
Both groups improved (unadjusted α = .05) following
intervention in time-distance measures (see Table 1), with
the TC group showing greater overall improvements; the
VR group improved significantly in stance duration (p =
.044) and step length (p = .045), but not in gait speed (p
= .060) or step width (p = .390); the TC group improved
in gait speed (p = .009) and step length (p = .010), but not
in stance duration (p = .055) or step width (p = .313).
Mechanical energy expenditures
Figure 1 shows the changes in joint and leg MEE(t) for each
joint, and the sum of all the joints (leg). Although the
total leg MEE(t) change was similar, the distribution of
joint MEE(t) were quite different for the two treatment
groups. Comparison of the change in percent contribu-
tion of MEE for each transfer condition for each joint to
leg MEE showed that only the TC group had significantly
reduced (p < .001, adjusted α = .017) relative hip concen-
tric MEE(+) and increased (p = .019, adjusted α = .025) rel-
ative ankle concentric MEE(+), following training. These
data are shown in Figure 2.
Table 1: Time distance measures before and after intervention.
Variable Baseline Value Post-Treatment Value
Mean Standard Dev Mean Standard Dev p-value*
VR Gait speed (m/s) 1.180 .312 1.235 .229 .060
Step length (m) .616 .119 .639 .116 .045
Stance duration (s) .667 .065 .653 .047 .044
Step width (m) .093 .045 .096 .040 .390
TC Gait speed (m/s) 1.090 .275 1.170 .261 .009
Step length (m) .582 .110 .612 .118 .010
Stance duration (s) .715 .089 .684 .055 .055
Step width (m) .109 .046 .114 .042 .313
* Within-groups paired t-test significance, based on unadjusted α = .05.BMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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Trunk kinematics
TC group had significantly increased (p = .009, adjusted α
= .013) peak trunk forward velocity during stance phase of
gait following treatment, while the VR group's increase
was similar though not statistically significant (p = .018,
adjusted α = .013). There were no significant changes in
forward velocity range, nor were there significant changes
in peak or range of lateral trunk velocity for either group.
The VR group, however, did show a significant increase in
peak trunk angular velocity (p = .007, adjusted α = .017)
and range of trunk angular velocity (p < .001, adjusted α
= .013) in the frontal plane. There were no significant
changes in trunk angular velocity in the frontal plane for
the TC group, and neither group showed significant
changes in peak and range of trunk angular velocity in the
sagittal plane. These data are summarized in Figure 3.
Relationships between MEE and trunk kinematics
Correlation analysis between changes scores in leg MEE
and trunk kinematics revealed significant relationships for
both treatment groups. Most striking was the consistent
directional relationship between trunk velocity and leg
MEE within each of the treatment groups. For the VR
group, changes in range and peak of forward velocity of
the trunk was negatively correlated with changes leg MEE
(range: r = -.536, p = .013, adjusted α = .013; peak: r = -
.431, p = .042, adjusted α = .017). For the TC group, how-
ever, changes in range and peak of forward velocity of the
trunk was positively correlated with changes in leg MEE
Change scores in ankle, knee and hip total MEE(t) and leg total MEE(t) for VR and TC groups (in J %BW) Figure 1
Change scores in ankle, knee and hip total MEE(t) and leg total MEE(t) for VR and TC groups (in J %BW). Error bars represent 
95% confidence intervals on the mean.BMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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(range: r = .620, p = .003, adjusted α = .013; peak: r = .451,
p = .026, adjusted α = .017). Figure 4 shows scatter plots
depicting the positive and negative relationships between
change scores in leg MEE and trunk velocity range for TC
and VR groups, respectively. There were no significant
relationships detected between change in joint or leg MEE
and change in lateral linear velocity of the trunk, nor in
sagittal or frontal plane angular velocity of the trunk.
Discussion and conclusions
Little is known about the mechanisms of improved bal-
ance and postural control following rehabilitation in peo-
ple with vestibulopathy. Although VR has shown promise
for improving patients balance and gaze stability
[4,9,10,29,36-40], just over 65% of people treated
respond to the therapy [10]. Improvements in function
are not ubiquitous with VR treatment. Alternative thera-
pies, such as TC, offer a complementary approach to
improving balance and postural control by teaching body
control and awareness [12,15]. The purpose of the present
study was to examine lower extremity neuromuscular
function during gait in patients receiving either VR or TC
treatment, and to examine how changes in neuromuscular
patterns relate to changes in trunk control. Our first
hypothesis, that patients receiving TC treatment will
improve lower extremity motor control by increasing
ankle MEE contribution and decreasing hip MEE contri-
bution more so than the VR patients was not supported by
Change scores in percent contribution of ankle, knee and hip concentric MEE(+) to leg concentric MEE(+) for VR and TC groups  (in J %BW) Figure 2
Change scores in percent contribution of ankle, knee and hip concentric MEE(+) to leg concentric MEE(+) for VR and TC groups 
(in J %BW). Error bars represent 95% confidence intervals on the mean.BMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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Change scores in trunk velocity Figure 3
Change scores in trunk velocity. (a) Linear velocity: anterior-posterior (A/P) velocity peak and range, and medial-lateral (M/L) 
velocity peak and range; (b) Angular velocity: pitch (sagittal plane) velocity peak and range, roll (frontal plane) velocity peak and 
range. Error bars represent 95% confidence intervals on the mean.BMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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analysis of between-group differences. However, in exam-
ining the within-groups changes (pre versus post-inter-
vention), some potentially important biomechanical
observations were made. Our second hypothesis, that
trunk control in patients receiving TC will be positively
correlated with improvements in lower extremity motor
control, but trunk control in those receiving VR will not be
positively correlated with improvements in lower extrem-
ity motor control, was supported.
Although an overall improvement in gait function (as
indicated by time-distance measures) for both treatment
groups was observed, confirming our general hypothesis,
our data suggest that the mechanisms underlying those
improvements differ, and appear to be linked to differ-
ences in neuromuscular responses of the lower extremities
to the treatment programs. Specifically, our data suggest
that changes in the relative contribution of individual
joints to total leg mechanical energy expenditure (MEE),
and the relationship between changes in lower extremity
mechanical energy expenditure and changes in upper
body kinematics, are different between TC and VR inter-
ventions (Figure 4). Further, these data highlight the
importance of assessing gait not only with time-distance
functional gait measures (Table 1), but also with measures
that assess neuromuscular function of the lower extremi-
ties and control of the body's most massive segment, the
trunk.
We found that TC patients significantly increased the con-
tribution of ankle MEE to total leg MEE and decreased
contribution of hip MEE to total leg MEE following the
treatment program, while the VR group showed no signif-
icant change in ankle or hip MEE contributions following
intervention (Figure 2). Although the changes were not
statistically different between groups, the within groups
comparisons suggest that clinically important trends may
nonetheless be present in terms of biomechanical
responses to the different therapies. Figure 1 shows the
total joint MEE(t) (sum of all transfer components) for
ankle, knee and hip, and total leg MEE(t), for each group.
The increases in leg MEE(t), which were similar for both
groups, were apparently achieved by different neuromus-
cular adaptations of the individual joints. Where the VR
group appear to increase total MEE(t) of each joint to gain
a total MEE increase of the leg, the TC group show a dis-
tinctive pattern of substituting ankle plantar-flexor contri-
bution for hip extensor/flexor contribution. Prior studies
on the relative roles of ankle and hip kinetics in gait
[19,20,24] suggest that the result observed for TC patients
indicates a trend toward a reduction in hip compensation
and increased use of ankle muscles to provide both pro-
pulsion and stability.
Figure 2 shows the percent contribution of the changes to
the concentric leg MEE(+) for the changes in concentric
MEE(+) of individual joints. While both groups decreased
the relative contribution of concentric hip MEE(+), only
the TC group increased the contribution of ankle concen-
tric MEE(+), while the VR group increased the contribution
of knee concentric MEE(+). Concentric energy transfer rep-
resents the energy expended by muscles in concentric con-
traction when energy is being transferred between
segments. Because concentric contraction represents work
being done by the muscles (as opposed to eccentric con-
traction, which is work being done on the muscles), we
can interpret the above finding as meaning that, for the TC
Change scores in trunk forward velocity range (in m/s) ver- sus change scores in total leg MEE(t) (in J %BW) for VR (top  plot) and TC (bottom plot) groups Figure 4
Change scores in trunk forward velocity range (in m/s) ver-
sus change scores in total leg MEE(t) (in J %BW) for VR (top 
plot) and TC (bottom plot) groups. Dashed lines represent 
the 95% confidence intervals on the mean.BMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
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group, a greater proportion in the change in concentric
work done by the leg muscles is attributed to the change
in concentric work of ankle plantar-dorsiflexors, while for
the VR group, this contribution decreases.
One possible reason concentric ankle MEE contribution
may have increased significantly in the TC group, but not
the VR group, is because the TC and the warm-up exercises
improved ankle flexibility. Tight ankles (limited range of
motion, ROM) may preclude the optimal structural
alignment to coordinate mechanical energy sufficiently to
increase propulsion [41], perhaps at the expense of trunk
stabilization. Ankle function is important for balance cor-
rections in both healthy elderly and vestibulopathic sub-
jects [42-44]. A study by Van Deusen et al. [45] found that
Tai Chi-like exercises for elders with arthritis resulted in a
significant increase in ankle plantar flexion; this finding
supports the above contention that the TC group in our
study may have increased ankle MEE contribution as a
result of increased ankle ROM, ankle moment, or both.
The tight coupling between ankle and hip power in gait
[19] would also explain the neuromuscular adaptive
decrease in hip MEE contribution. Given the importance
of ankle-plantar flexors in both propulsion and trunk sta-
bility, we conclude that TC teaches optimization of MEE
in an effort to control the trunk while improving lower
extremity function. The relationship between lower
extremity MEE and trunk kinematics for the two treatment
groups lends further credibility to this conclusion.
As shown in Figure 4, the relationship between change in
leg MEE and change in the range of forward trunk velocity
was positive for the TC group, and negative for the VR
group. Similar relationships were also observed between
change in leg MEE and change in peak forward trunk
velocity. The observed direct relationship for the TC group
suggests that the redistribution of power among ankle,
knee and hip joints, which resulted in a net increase in the
total MEE of the leg, enabled these patients to attain a
faster gait. This observation is expected based on the prin-
ciples of TC, which emphasize a vertical alignment inte-
grating the head, torso, hips and legs. This concept of
integrated alignment is reflected in phrases from the TC
classics such as ". suspend the spine like a necklace of
pearls" and "movements are initiated in the feet, steered
by the waist and administered through the hands." [46].
In contrast, for the VR group, however, the increase in leg
MEE was associated with a decrease in both peak and
range of trunk velocity. This finding suggests that VR sub-
jects, when increasing power generation/absorption with
their lower extremities, reduce trunk oscillations during
gait, possibly as a way to stabilize the trunk and head. This
corrective procedure may not be necessary for TC subjects
as they learned to move the trunk more proportionately to
total lower extremity MEE, without need to explicitly
attend to additional factors or mechanisms to stabilize the
head. Although speculative, these scenarios correspond
with the observed high positive correlation between
change in leg MEE and change in trunk velocity peak and
range seen after TC training but not after VR
rehabilitation.
Because the VR exercise program may increase subjects'
awareness of eye and head movement strategies that cause
dizziness and instability [8,47], a more rigid head and
trunk strategy during dynamic activities such as gait would
be expected. The VR program's balance retraining exer-
cises do not emphasize dynamic whole body movement
patterns that improve overall postural control [10]. Sub-
jects practice maintaining balance in challenging postures
(narrow base of support such as feet together and one-leg-
ged standing still) using a variety of self selected
movement patterns. It is probable that subjects would
make the trunk more rigid to lessen head movement dur-
ing these tasks. The VR group's decrease in trunk velocity
range with increase in mechanical energy of the lower
extremities during gait appears to support this explana-
tion. Within the TC group, the subjects practice series of
movement patterns that include elements of controlled
trunk rotation without instruction on eye fixation. The
training of smoothly transitioning body segment motions
may provide these subjects a different mode of compensa-
tion for their instability. Practice of the TC movements
may promote more natural trunk movements similar to
healthy persons as shown in our biomechanical findings
during gait.
Although the preliminary results presented here suggest
the lower extremities may play an important role in the
ability of vestibulopathic patients to improve gait func-
tion, several limitations of the present study may prevent
broad generalization of the results. Our small sample size
was perhaps the most important limitation. It is probable
that the lack of between-group significant changes, partic-
ularly in light of many significant within group differ-
ences (pre-post intervention), was due to high variances
obscuring group mean differences. Indeed, a larger sam-
ple size for controlling type II errors (increasing power),
and better control of type I errors for multiple statistical
tests, is warranted for future full-scale studies. The large
age range within groups may have also contributed to
high variability, but note that more heterogeneous sam-
ples in fact enhance external validity, including generaliz-
ability, of the results. We also did not include a no-
treatment control group in the experimental design of this
preliminary study. Because vestibulopathic patients may
learn to compensate spontaneously, a no-treatment or
sham-treatment group would be necessary to determine if
changes in gait function are truly a result of the interven-
tions. This is unlikely, however, given the inclusionBMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
Page 11 of 12
(page number not for citation purposes)
criteria that all subjects must have had stable symptoms
for 6 months and were on average 3 year post-onset of ves-
tibulopathy. Given that both groups improved gait func-
tion in our randomized design comparing substantially
different interventions suggests that the effects observed
were not spurious. It must be recognized, however, that
assumed improvements in function, via increased gait
speed for example, may be limited [48,49]. As well, we
only analyzed the mechanics of the lower extremities in
the sagittal plane. It is highly likely that compensations
for lower limb power impairments occurred in frontal and
transverse planes as well. Also, the different number of
patients in each group having a diagnosis of UVH and
BVH is a potential limitation. Although there were no sig-
nificant differences in proportion of UVH and BVH
between the two treatment groups, that the BVH patients
were much more disabled than the UVH patients in this
study may be important, even when the difference in pro-
portions of diagnostic categories (BVH or UVH) within
treatment groups is small. Lastly, although there were no
significant differences in age and gender distribution
between treatment groups, a larger study sample would
allow such subgroup effects to be studied.
We conclude that VR and TC can successfully improve gait
function, as determined by common time-distance meas-
ures, in patients with vestibulopathy. We further con-
clude, however, that TC improves lower extremity motor
control more than VR, by selective redistribution of joint
energetics, which appears to engender a more vigorous
gait and better trunk control. TC, as a complementary
treatment to VR, may allow for better control of the trunk
through reorganization of lower-extremity motor pat-
terns, elicited from the flowing, controlled TC exercises.
Competing interests
The author(s) declare that they have no competing
interests.
Authors' contributions
All authors participated in the overall study design, con-
tributed to the interpretation of data and writing/editing
of the manuscript, and have read and approved the final
manuscript. CAM conceived the hypotheses for this man-
uscript and carried out the data analysis; DEK was the
principal investigator of the project; SWP was the neurol-
ogist associated with the project; DMS conducted the
patient testing and assisted in development of the vestib-
ular rehabilitation program; PMW conducted the Tai Chi
intervention; and SLW was the project consultant.
Acknowledgements
Supported in part by the NIH R21 AT00553-01. The authors thank Laura 
Busick, PT, Kathleen M. Gill-Body, DPT, MS, NCS, and Dr. Ted J. Kaptchuk, 
OMD for their assistance with the research design and interventions, and 
Lara Asmundson, MS, PT and Dov Goldvasser, MscE, for assistance with 
data collection.
References
1. Ishikawa K, Edo M, Yokomizo M, Terada N, Okamoto Y, Togawa K:
Analysis of gait in patients with peripheral vestibular
disorders. ORL J Otorhinolaryngol Relat Spec 1994, 56:325-330.
2. Ishikawa K, Edo M, Yokomizo M, Togawa K: Characteristics of
human gait related variables in association with vestibular
system disorders. Acta Otolaryngol Suppl 1995, 520 Pt 1:199-201.
3. Baloh RW, Fife TD, Zwerling L, Socotch T, Jacobson K, Bell T,
Beykirch K: Comparison of static and dynamic posturography
in young and older normal people.  J Am Geriatr Soc 1994,
42:405-412.
4. Krebs DE, Gill-Body KM, Riley PO, Parker SW: Double-blind, pla-
cebo-controlled trial of rehabilitation for bilateral vestibular
hypofunction: preliminary report. Otolaryngol Head Neck Surg
1993, 109:735-741.
5. Brandt T: Bilateral vestibulopathy revisited. Eur J Med Res 1996,
1:361-368.
6. Herdman SJ: Vestibular Rehabilitation. Philadephia, F.A. Davis
Company; 1994. 
7. Grossman GE, Leigh RJ: Instability of gaze during locomotion in
patients with deficient vestibular function. Ann Neurol 1990,
27:528-532.
8. Herdman SJ: Role of vestibular adaptation in vestibular
rehabilitation. Otolaryngol Head Neck Surg 1998, 119:49-54.
9. Horak FB, Jones-Rycewicz C, Black FO, Shumway-Cook A: Effects of
vestibular rehabilitation on dizziness and imbalance. Otolaryn-
gol Head Neck Surg 1992, 106:175-180.
10. Krebs DE, Gill-Body KM, Parker SW, Ramirez JV, Wernick MR: Ves-
tibular rehabilitation: Useful but not universally so. Otolaryngol
Head Neck Surg 2003, 128:240-250.
11. Hain TC, Fuller L, Weil L, Kotsias J: Effects of t'ai chi on balance.
Arch Otolaryngol Head Neck Surg 1999, 125:1191-1195.
12. Wolf SL, Coogler C, Xu T: Exploring the basis for Tai Chi Chuan
as a therapeutic exercise approach. Arch Phys Med Rehabil 1997,
78:886-892.
13. Wu G: Evaluation of the effectiveness of Tai Chi for improv-
ing balance and preventing falls in the older population--a
review. J Am Geriatr Soc 2002, 50:746-754.
14. Yang JM: Yang Stule Tai Chi Chuan: I. Advanced Tai Chi
Tehory and Tai Chi Jing. 1st edition. Boston, MA, Yangs Martial
Arts Academy; 1985. 
15. Wayne PM, Krebs DE, Parker SW, McGibbon CA, Kaptchuk TJ, Gill-
Body KM, Wolf SL: Can Tai Chi improve vestibulopathic pos-
tural control? Arch Phys Med Rehabil 2004, 85:142-152.
16. Wolf SL, Barnhart HX, Ellison GL, Coogler CE: The effect of Tai
Chi Quan and computerized balance training on postural
stability in older subjects. Atlanta FICSIT Group. Frailty and
Injuries: Cooperative Studies on Intervention Techniques.
Phys Ther 1997, 77:371-381.
17. Wolf SL, Barnhart HX, Kutner NG, McNeely E, Coogler C, Xu T:
Reducing frailty and falls in older persons: an investigation of
Tai Chi and computerized balance training. Atlanta FICSIT
Group. Frailty and Injuries: Cooperative Studies of Interven-
tion Techniques. J Am Geriatr Soc 1996, 44:489-497.
18. Strupp M, Arbusow V, Maag KP, Gall C, Brandt T: Vestibular exer-
cises improve central vestibulospinal compensation after
vestibular neuritis. Neurology 1998, 51:838-844.
19. DeVita P, Hortobagyi T: Age causes a redistribution of joint tor-
ques and powers during gait. J Appl Physiol 2000, 88:1804-1811.
20. Judge JO, Davis RB, Ounpuu S: Step length reductions in
advanced age: the role of ankle and hip kinetics. J Gerontol A Biol
Sci Med Sci 1996, 51:M303-12.
21. Kerrigan DC, Todd MK, Croce UD, Lipstiz LA, Collins JJ: Biome-
chanical gait alterations independent of speed in the healthy
elderly: Evidence for specific limiting impairments. Arch Phys
Med Rehabil 1998, 79:317-322.
22. McGibbon CA, Puniello MA, Krebs DE: Mechanical energy trans-
fer during gait in relation to strength impairment and
pathology in elderly women. Clin Biomech 2001, 16:324-333.
23. McGibbon CA, Krebs DE: Compensatory gait mechanics in
patients with unilateral knee arthritis.  J Rheumatol 2002,
29:2410-2419.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Neurology 2005, 5:3 http://www.biomedcentral.com/1471-2377/5/3
Page 12 of 12
(page number not for citation purposes)
24. McGibbon CA, Krebs DE, Puniello MS: Mechanical energy analy-
sis identifies compensatory strategies in disabled elder's gait.
J Biomech 2001, 34:481-490.
25. McGibbon CA: Toward a better understanding of gait changes
with age and disability: Neuromuscular adaptation. Exercise
Sport Sci Rev 2003, 31:102-108.
26. Neptune RR, Kautz SA, Zajac FE: Contributions of the individual
ankle plantar flexors to support, forward progression and
swing initiation during walking. J Biomech 2001, 34:1387-1398.
27. McGibbon CA, Krebs DE, Wolf SL, Wayne PW, Scarborough DM,
Parker SW: Tai Chi and vestibular rehabilitation effects on
gaze and whole-body stability. J Vestib Res 2005, 14:467-478.
28. Cheng MC: T'ai Chi Ch'uan: A Simplified Method of Calisten-
ics for Health and Self Defense. Berklely, CA, North Atlantic
Books; 1981. 
29. Gill-Body KM, Krebs DE, Parker SW, Riley PO: Physical therapy
management of peripheral vestibular dysfunction: two clini-
cal case reports. Phys Ther 1994, 74:129-142.
30. Cooksey FS: Rehabilitation in vestibular injuries. Proc R Soc Med
1946, 39:273-278.
31. Riley PO, Mann RW, Hodge WA: Modelling of the biomechanics
of posture and balance. J Biomech 1990, 23:503-506.
32. Ishikawa K, Cao ZW, Wang Y, Wong WH, Tanaka T, Miyazaki S, Toy-
oshima I: Dynamic locomotor function in normals and
patients with vertigo. Acta Otolaryngol 2001, 121:241-244.
33. McGibbon CA, Krebs DE, Puniello MS: Mechanical energy analy-
sis identifies compensatory strategies in disabled elders' gait.
J Biomech 2001, 34:481-490.
34. Krebs DE, Wong D, Jevsevar D, Riley PO, Hodge WA: Trunk kine-
matics during locomotor activities. Phys Ther 1992, 72:505-514.
35. Ludbrook J: Multiple comparison procedures updated. Clin Exp
Pharmacol Physiol 1998, 25:1032-1037.
36. Asai M, Watanabe Y, Shimizu K: Effects of vestibular rehabilita-
tion on postural control.  Acta Otolaryngol Suppl 1997,
528:116-120.
37. Goldvasser D, McGibbon CA, Krebs DE: Vestibular rehabilitation
outcomes: velocity trajectory analysis of repeated bench
stepping. Clin Neurophysiol 2000, 111:1838-1842.
38. Herdman SJ, Clendaniel RA, Mattox DE, Holliday MJ, Niparko JK:
Vestibular adaptation exercises and recovery: acute stage
after acoustic neuroma resection. Otolaryngol Head Neck Surg
1995, 113:77-87.
39. Shumway-Cook A, Horak FB: Vestibular rehabilition: An exer-
cise approach to managing symptoms of vestibular
dysfunction. Seminars in Hearing 1989, 10:194-207.
40. Szturm T, Ireland DJ, Lessing-Turner M: Comparison of different
exercise programs in the rehabilitation of patients with
chronic peripheral vestibular dysfunction.  J Vestib Res 1994,
4:461-479.
41. Zajac FE: Understanding muscle coordination of the human
leg with dynamical simulations. J Biomech 2002, 35:1011-1018.
42. Keshner EA, Allum JH, Honegger F: Predictors of less stable pos-
tural responses to support surface rotations in healthy
human elderly. J Vestib Res 1993, 3:419-429.
43. Winter DA, Patla AE, Prince F, Ishac M, Gielo-Perczak K: Stiffness
control of balance in quiet standing.  J Neurophysiol 1998,
80:1211-1221.
44. Woollacott MH, Shumway-Cook A: Changes in posture control
across the life span--a systems approach.  Phys Ther 1990,
70:799-807.
45. Van Deusen J, Harlowe D: The efficacy of the ROM Dance Pro-
gram for adults with rheumatoid arthritis. Am J Occup Ther
1987, 41:90-95.
46. Wile D: Lost T'ai-Chi Classics From the Late Ch'ing Dynasty.
1st edition. New York, NY, State University of New York; 1996. 
47. Allum JH, Gresty M, Keshner E, Shupert C: The control of head
movements during human balance corrections. J Vestib Res
1997, 7:189-218.
48. van den Bogert AJ, Pavol MJ, Grabiner MD: Response time is more
important than walking speed for the ability of older adults
to avoid a fall after a trip. J Biomech 2002, 35:199-205.
49. Pavol MJ, Owings TM, Foley KT, Grabiner MD: Mechanisms lead-
ing to a fall from an induced trip in healthy older adults. J Ger-
ontol A Biol Sci Med Sci 2001, 56:M428-37.
Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2377/5/3/prepub